The role of Ulinastatin in neuronal injury after cardiopulmonary resuscitation has not been elucidated. We aim to evaluate the effects of Ulinastatin on inflammation, oxidation, and neuronal injury in the cerebral cortex after cardiopulmonary resuscitation. METHODS: Ventricular fibrillation was induced in 76 adult male Wistar rats for 6 min, after which cardiopulmonary resuscitation was initiated. After spontaneous circulation returned, the rats were split into two groups: the Ulinastatin 100,000 unit/kg group or the PBS-treated control group. Blood and cerebral cortex samples were obtained and compared at 2, 4, and 8 h after return of spontaneous circulation. The protein levels of tumor necrosis factor alpha (TNF-a) and interleukin 6 (IL-6) were assayed using an enzyme-linked immunosorbent assay, and mRNA levels were quantified via real-time polymerase chain reaction. Myeloperoxidase and Malondialdehyde were measured by spectrophotometry. The translocation of nuclear factor-kB p65 was assayed by Western blot. The viable and apoptotic neurons were detected by Nissl and terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL). RESULTS: Ulinastatin treatment decreased plasma levels of TNF-a and IL-6, expression of mRNA, and Myeloperoxidase and Malondialdehyde in the cerebral cortex. In addition, Ulinastatin attenuated the translocation of nuclear factor-kB p65 at 2, 4, and 8 hours after the return of spontaneous circulation. Ulinastatin increased the number of living neurons and decreased TUNEL-positive neuron numbers in the cortex at 72 h after the return of spontaneous circulation. CONCLUSIONS: Ulinastatin preserved neuronal survival and inhibited neuron apoptosis after the return of spontaneous circulation in Wistar rats via attenuation of the oxidative stress response and translocation of nuclear factor-kB p65 in the cortex. In addition, Ulinastatin decreased the production of TNF-a, IL-6, Myeloperoxidase, and Malondialdehyde. KEYWORDS: Cardiopulmonary Resuscitation; Ulinastatin; Oxidative Stress; Inflammatory Response; Neuronal Injury.
& INTRODUCTION
Patients who have been successfully resuscitated after cardiac arrest (CA) typically have a poor prognosis and a high risk of post-resuscitation disease that shares many features with severe sepsis (1) . As early as 3 hours after CA, sharp rises in various cytokines occur in the bloodstream. High levels of cytokines in the bloodstream may contribute to the genesis of tissue damage that can lead to multiple organ dysfunction (1) (2) (3) . The levels of cytokines such as tumor necrosis factor alpha (TNF-a) and interleukin 6 (IL-6) have deleterious effects on cerebral ischemia and are closely correlated with CA prognosis (3, 4) . Clinical data indicate that cytokines play a role in ischemic stroke injury and reveal a correlation between cytokine concentrations and neurological outcome (5, 6) .
Oxidant injury occurs during CA as reactive oxygen species (ROS) increase rapidly after the return of spontaneous circulation (ROSC). It has been shown that ROS stimulate the activation of nuclear factor kB (NF-kB), which is believed to be associated with the rapid transcription of TNF-a and the induction of apoptosis (7, 8) . NF-kB is translocated from the cytoplasm to the nucleus, and its ratio increases after cerebral ischemia and reperfusion (9) , therefore contributing to ischemia-reperfusion injury (10) . In contrast, inhibition of NF-kB is associated with neuroprotective effects (11, 12) ; however, it is unclear whether the activation of NF-kB and increased production of inflammatory cytokines play a role in neuronal injury of the brain after ROSC.
Ulinastatin (UTI), a protease inhibitor derived from human urine, has been shown to exhibit organ-protective effects against ischemia-reperfusion injury in the brain (13, 14) . Previous studies have shown that UTI's protective effect is due to its anti-inflammatory and anti-oxidative stress responses (15, 16) . UTI reduces the activation of NF-kB and downregulates the expression of its related mediators (17, 18) . The majority of previous studies investigated the effects of UTI on local organ ischemia-reperfusion injury; however, because CA/cardiopulmonary resuscitation (CPR) CPR is a type of systemic ischemia-reperfusion injury, the role of UTI may be more complicated than what occurs in local organ ischemia-reperfusion injury.
Therefore, in this study, we aimed to evaluate the effects of UTI on the injured cerebral cortex in Wistar rats after CA/CPR and to observe its potential therapeutic effect to provide a scientific basis for its use in the treatment of neuronal injury after ROSC.
& MATERIALS AND METHODS
This study was approved by the Animal Investigation Committee of Sun Yat-sen University and was performed in accordance with the Animal Research Reporting In Vivo Experiments guidelines on animal research (19) .
Animal preparation
After overnight fasting (with free access to water), 76 healthy male Wistar rats aged 15-16 months and weighing 360.5-416.5 g were anesthetized by intraperitoneal injection of pentobarbital (30 mg/kg; Sigma, Natick, MA, USA). Tracheal intubation was performed under direct vision using indirect illumination to initiate mechanical ventilation (Harvard Rodent Ventilator; Harvard Apparatus, Holliston, MA). Ventilation parameters were adjusted according to arterial blood gas results to maintain the pCO 2 in the 35-45 mmHg range.
A 24-Gauge retained needle (BD Intima II TM Vein TM ; SuZhou BD Medical Appliance Co., Ltd., SuZhou, P.R. China) was inserted into the right femoral vein to establish a transfusion passage. The right femoral artery was cannulated using a needle filled with a physiological salt solution containing 5 IU/mL of bovine heparin (Jiangsu biochemistry company, Nanjing, China). Arterial blood pressure was continuously measured with a high-sensitivity pressure transducer (Kombidyn Monitoring Set; Braun, Melsungen, Germany). All data were recorded for subsequent analysis using a BIOPAC MP150 data acquisition system (model MP150, version 3.8.1; Goleta, CA).
Induction of ventricular fibrillation
The methods for induction of ventricular fibrillation (VF) were described previously (20) (21) (22) . Briefly, two acupuncture needles were trans-cutaneously inserted into the epicardium between the fourth rib of the left sternal border and the third rib of the right sternal border. VF was induced by applying an external transthoracic alternating current (50 Hz, 6 V) to the needles for 10 seconds. After successful induction of VF, the ventilator was disconnected. Six minutes after VF, manual chest compression and mechanical ventilation were initiated. Rats were randomly divided into two groups (n = 38 in each group): the VF + PBS group and the VF + UTI group. Animals designated to the VF + UTI group received 100,000 units/ kg UTI (Tianpu Biochemistry and Medicine Corporation, Guangzhou, P. R. China) intravenously. The dose of 100,000 units/kg UTI has been used for organ-protective effects in prior studies (23) (24) (25) . Animals in the VF + PBS group received a volume of PBS equivalent to the volume of UTI received by animals in the VF + UTI group. External chest compression was performed using an external chest compression machine for small animals (developed in our laboratory) at a rate of 200 compressions per min with equal compression-relaxation and a depth of compression equal to one-third of the anteroposterior chest diameter. If resuscitation was not achieved after 2 min of CPR, a single dose of epinephrine at 20 mg/kg was given every 3 min. ROSC was defined as the return of supraventricular rhythm with a mean aortic pressure of 60 mmHg or higher for a minimum of 10 min. If ROSC was not achieved by 15 min after resuscitation, resuscitation efforts were discontinued.
Six rats per group were randomly chosen and were painlessly sacrificed by over-anesthetization 2, 4, and 8 h after ROSC. The brains were removed and the cerebral cortices dissected. Subsequently, samples were flash-frozen in liquid nitrogen and transferred to a -80˚C freezer for storage.
Cytokine measurement
Before CPR and at 2, 4, and 8 h after ROSC, blood samples (0.5 ml) were collected in sodium citrate tubes and immediately centrifuged at 1,500 x g for 5 min. The plasma levels of TNF-a and IL-6 were analyzed using commercially available enzyme-linked immunosorbent assay (ELISA) kits (Rapidbio; West Hills, CA, USA).
Quantitation of TNF-a and IL-6 concentrations and MPO and MDA activities in the cerebral cortex
Tissue from the cerebral cortex was homogenized, and proteins were extracted using a lysis buffer (Product No. 2355; Cell Signaling Technology, USA). Protein concentrations were determined with a bicinchoninic acid (BCA) assay kit (Bioteke Corporation, Beijing, P. R. China). The tissue concentrations of TNF-a and IL-6 were quantified by enzyme-linked immunosorbent assay (ELISA) as described above. Myeloperoxidase (MPO) activity was determined by measuring the absorbance at 460 nm using a custom assay kit (Institute of Jiancheng Biological Engineering, Nanjing, P. R. China). The Malondialdehyde (MDA) concentration was measured with an MDA detection kit (Institute of Jiancheng Biological Engineering, Nanjing, P. R. China) by diluting the samples 1:10 in assay reagents or in cool normal saline (for an absorbance blank) and measuring the absorbance at 586 nm using a spectrophotometer.
Total RNA extraction, reverse transcription, and quantitative RT-PCR Total RNA was isolated from the cerebral cortex using Trizol (Invitrogen, Shanghai, P. R. China) according to the manufacturer's instructions. Briefly, 50 mg of cerebral cortex was homogenized in a buffered phenol solution. Nucleic acids were recovered from the lysate by the addition of chloroform (Sigma), centrifugation, and removal of the aqueous layer. Nucleic acids were then precipitated from the aqueous layer by adding absolute ethanol, and the sample was passed through the provided glass fiber filter column by centrifugation. The sample was washed and eluted with 50 ml of RiboPure solution. Next, 1 ml (40 units) of RNase inhibitor (Promega, Madison, WI, USA) was added to each sample. The RNA quality was checked by agarose gel electrophoresis, and 2 mg of total RNA was treated with DNase Turbo (Ambion, Roche, West End, Australia) according to the manufacturer's instructions.
After DNase inactivation, cDNA was synthesized by reverse transcription (RT) with/without the SuperScriptH III One-
Step RT-PCR System with PlatinumH Taq High Fidelity (Invitrogen) and 10 mM random hexamer primers. Quantitative real time polymerase chain reaction (qPCR) was performed with an iCycler iQ Real-Time PCR Detection System (Bio-Rad) using SYBR Green I as a double-stranded DNA-specific dye. RT-PCR was performed using the following primer sequences: b-actin-F: GCGCTCGTCGT CGACAAC and b-actin-R: ATACCCACCA TCACACCCT; TNF-a-F: CCACCACGCTCTTCTGTC and TNF-a-R: GCC-CATTT GGG AACTTCT; and IL-6-F: TCACAGAGGATA-CCACCCA and IL-6-R: AGAATTGCCATTGCACAAC. RT-PCR was performed under the following conditions: 50˚C for-15 min; 95˚C for 15 min; 40 cycles of 94˚C for 15 sec, 55˚C for 45 sec, 72˚C for 1 min; and a final 10 min extension at 72˚C. RT-PCR was performed at the minimum cycle numbers necessary to observe bands (40 cycles for TNF-a and IL-6; 28 for b-actin) and to avoid saturation of the PCR products (9700 Sequence Detection System and ABI PRISM 310 Genetic Analyzer, Applied Biosystems, USA). The expression of mRNA was quantified as the ratio of 2
, where DCt(TNF-a or IL-6) and DCt(b-actin) represent differences between the threshold cycle (Ct) values of the UTI-treated and UTI-untreated RNA samples for TNF-a or IL-6 and b-actin, respectively.
Separation of cytoplasmic and nuclear proteins
Tissue extracts were prepared using CERA cytoplasmic and nuclear extraction reagents (Bioteke Corporation, Beijing, P. R. China) according to the manufacturer's instructions. Figure 1 -UTI decreased TNF-a and IL-6 plasma levels after ROSC. Treatment with UTI after ROSC effectively decreased TNF-a and IL-6 production in the VF + UTI group; the TNF-a and IL-6 plasma levels were lower in the VF + UTI group than in the VF + PBS group at each time point after ROSC (n = 22 at 2 h, 16 at 4 h, and 10 at 8 h after ROSC in the VF + PBS group; n = 32 at 2 h, 26 at 4 h, and 20 at 8 h after ROSC in VF + UTI group). * VF + PBS versus VF + UTI, p,0.05.
Western blot analysis of NF-kB expression
The expression of NF-kB protein in the cytoplasm and nucleus was determined by Western blot analysis. Cytoplasmic and nuclear protein samples containing 50 mg of total protein for each lane were mixed with loading buffer and boiled for 5 min. Samples were then loaded onto gradient sodium dodecyl sulfate polyacrylamide gels, and electrophoresis was performed using a Mini Protean II Dual-Slab Cell (Bio Rad, Hercules CA, USA). Membranes were subsequently incubated with primary rabbit anti-rat NF-kB p65 antibodies (Santa Cruz Biotechnology, CA, USA) at a dilution of 1:500, anti-PCNA (Proteintech Group, Newcastle-upon-Tyne, UK) at a dilution of 1:500, and glyceraldehyde 3-phosphate dehydrogenase (anti-GAPDH) (Sigma-Aldrich Company, St. Louis, MO, USA) at a dilution of 1:1000 overnight at 4˚C. Afterwards, membranes were washed for 15 min and incubated with horseradish peroxidase-conjugated secondary polyclonal goat antibodies raised against rat IgG (Sevac, Prague, Czech Republic) at a dilution of 1:1000 for 1 h at room temperature. The membranes were then washed for 15 min in TBST, incubated with chemiluminescence substrate (Applygen Technologies Inc., Beijing, P. R. China), and exposed to radiographic film. Densities at specific molecular weights were measured using National Institutes of Health image analysis software.
Nissl and TUNEL staining
Animals were painlessly sacrificed while under deep anesthesia at 72 h after ROSC. The brains were removed for cryofixation before embedding and sectioning. Afterwards, 4-mm-thick brain sections were cut coronally in the cortex at the temporal lobe level. Nissl staining was performed to count the number of living neurons in the cortex. Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) was performed using the In Situ Cell Death Detection Kit (Roche Applied Science, Mannheim, Germany). Three sections from each animal and six standardized fields in each section were randomly selected and analyzed. The Nissl-and apoptotic-positive neurons in each cortex section were counted per 400 6 400-pixel area under 40X magnification by light microscopy (OLYMPUS BX51; OLYMPUS IMAGING CORP, Japan) (20) .
Statistical analysis
The experimental data were analyzed using SPSS 13.0 (SPSS Inc., Chicago, IL, USA). All data were expressed as medians¡SD; the Mann-Whitney rank-sum test was used to Figure 2 -UTI decreased TNF-a and IL-6 levels, MDA production, and MPO activity in the cerebral cortex after ROSC. TNF-a mRNA (A) and IL-6 mRNA (B) expression levels were lower in the VF + UTI group than in the VF + PBS group at each time point. TNF-a (E) and IL-6 (F) protein levels were also lower in the VF + UTI group than in the VF + PBS group. Oxidative stress damage as expressed by the MDA level was more severe in the VF + UTI group than in the VF + PBS group (C). UTI decreased MPO activity in the cerebral cortex in the VF + UTI group after ROSC (F) (n = 6 at each time point in different groups). * VF + PBS versus VF + UTI, p,0.05.
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determine statistical significance between groups. A twotailed value of p,0.05 was considered statistically significant.
& RESULTS

Outcome of the induction of VF and CPR
Alternating current stimulation caused an immediate drop of blood pressure and a loss of pulse in all 76 rats; all animals were successfully resuscitated. Unconscious animals required mechanical ventilation and intravenous glucose infusion for 20-182 min after ROSC. Ten rats in the VF + PBS group and seven rats in the VF + UTI group died of refractory cardiac shock within 24 h. Except for the six rats that were sacrificed 2, 4, and 8 h after ROSC in the two groups, the remaining four rats in the VF + PBS group and the remaining seven rats in the VF + UTI group survived for 72 h. No difference was observed in the survival rate between the two groups (4/10 versus 7/13, p = 0.159). No statistically significant differences were identified between the two groups in physiological variables, including body weight and heart rate, or in CPR-associated parameters, including duration of base life support and time of defibrillation (Table 1) .
UTI decreased the plasma levels of TNF-a and IL-6 after ROSC Before VF, no difference was noted in the plasma levels of TNF-a between the VF + PBS and VF + UTI groups; however, UTI treatment significantly decreased plasma levels of TNF-a by 2-, 2.5-, and 2-fold at 2, 4, and 8 h after ROSC, respectively, when compared to the VF + PBS group ( Figure 1A ; p = 0.009, 0.008, and 0.009, respectively). UTI treatment also significantly reduced plasma levels of IL-6 in the VF + UTI group by 1.5-, 1.2-, and 1.7-fold at 2, 4, and 8 h after ROSC, respectively ( Figure 1B ; p = 0.009, 0.012, and 0.028, respectively).
UTI decreased TNF-a, IL-6, and MDA production in the cerebral cortex after ROSC UTI treatment significantly decreased mRNA levels of both TNF-a and IL-6 when compared to the VF + PBS group at 2, 4, and 8 h after ROSC (Figure 2A, B; p = 0.003, ,0 .001, and ,0.001 for TNF-a and p = 0.003, 0.006, and 0.021 for IL-6 at 2, 4, and 8 h after ROSC, respectively). The protein levels of both TNF-a and IL-6 were also lower in the VF + UTI group than in the VF + PBS group (Figures 2D and 2E ; p = 0.020, 0.021, and 0.021 for TNF-a and p = 0.023, 0.021, and 0.043 for IL-6 at 2, 4, and 8 h after ROSC, respectively).
UTI treatment reduced MDA levels at 2, 4, and 8 h after ROSC when compared to the VF + PBS group (p = 0.020, 0.024, and 0.021, respectively; Figure 2C ). However, no significant difference was noted in the MDA levels between the two groups prior to VF.
MPO activity was measured at 2, 4, and 8 h after ROSC with and without UTI; UTI treatment decreased neutrophil infiltration when compared to the VF + PBS group at each time point examined ( Figure 2F ; p = 0.020, 0.029, and 0.020, respectively).
UTI attenuated the translocation of NF-kB p65 from the cytoplasm to the nucleus.
In the VF + PBS group, the ratios of NF-kB p65 translocation were 1.08¡0.08, 1.02¡0.05, and 0.9¡0.02 at Figure 3 -UTI attenuated the translocation of NF-kB p65 from the cytoplasm to the nucleus. The ratios of NF-kB p65 translocation in VF + PBS group were 1.08 (1.01, 1.15), 1.02 (0.97, 1.07), and 0.97 (0.95, 0.98) at 2, 4, and 8 h after ROSC, respectively (A). The ratios of NF-kB p65 translocation were significantly attenuated by UTI in the VF + UTI group at 2, 4, and 8 h after ROSC (B) (n = 6 at each time point in different groups). * VF + PBS versus VF + UTI, p,0.05. 
2, 4, and 8 h after ROSC, respectively. The translocation of NF-kB p65 from the cytoplasm to the nucleus was significantly attenuated by UTI at 2, 4, and 8 h after ROSC (Figure 3A , B; p = 0.021, 0.020, and 0.019, respectively).
UTI increased the number of viable cells and decreased the number of TUNEL-positive cells in the cortex 72 h after ROSC.
The number of Nissl-stained cells in the cortices of rats in the VF + PBS group was significantly lower than in the VF + UTI group 72 h after ROSC ( Figure 4A ; p = 0.001). However, the number of TUNEL-positive neurons in the cortex of the temporal lobe in the VF + PBS group was greater than in the VF + UTI group 72 h after ROSC ( Figure 4B ; p = 0.001).
& DISCUSSION
In this study, we demonstrated that treatment with UTI after ROSC was effective in the prevention of oxidative damage and resulted in a decreased inflammatory response after CA induced by VF. UTI treatment significantly decreased the level of MDA in the cortex, the ratios of NFkB p65 translocation from the cytoplasm to the nucleus, and the mRNA and protein levels of TNF-a and IL-6. We also found that UTI treatment increased the number of Nisslpositive (i.e., living) neurons while reducing the number of TUNEL-positive (i.e., apoptotic) cells, indicating that UTI decreased neuronal apoptosis. These findings suggest that attenuation of neuronal injury by UTI in a rat model of VF is associated with inhibition of oxidative stress and activation of the NF-kB/TNF-a signaling pathway. Figure 4 -UTI increased the number of Nissl-stained neurons and decreased the number of TUNEL-positive cells in the cortex. Nissl staining indicated that rat cortical cell numbers in the VF + PBS group were significantly lower than in the VF + PBS group 72 h after ROSC (A, B). There was a greater number of TUNEL-positive neurons (indicated by the white arrow) in rat cortices in the VF + PBS group than in the VF + UTI group 72 h after ROSC (C, D) (72 standard fields in the VF + PBS group and 126 standard fields in the VF+UTI group were analyzed). * VF + PBS versus VF + UTI, p,0.05.
We found that the activity of MPO in the cortex of rats in the VF + UTI group was lower than in the VF + PBS group. It is known that leukocyte adhesion to vessel walls and translocation into tissues is mediated by selectins and interstitial cell adhesion molecules, which are expressed on the surfaces of endothelial cells. Moreover, the intracellular content of MPO is constant in neutrophils, and their accumulation was evaluated by measurement of MPO activity. Therefore, based on our results, leukocyte infiltration to the cortex after ROSC was presumably attenuated by UTI.
The results of this study showed that plasma concentrations of TNF-a and IL-6 increased dramatically shortly after resuscitation from VF cardiac arrest and remained elevated during the early post-resuscitation period. Substantial evidence from animal and human ex-vivo cardiac experiments has supported the hypothesis that acute inflammation associated with ischemia-reperfusion injury is partially caused by TNF-a and IL-6 (26) . Support for this hypothesis is based on the finding that TNF-a levels are increased in the peritoneal macrophages collected from rats subjected to myocardial ischemia-reperfusion injury, and TNF-a is primarily produced by circulation-activated macrophages in response to ischemia and reperfusion (27) (28) (29) . TNF-a acts as an important substance in the recruitment of circulating leukocytes to the sites of inflammatory lesions; additionally, the cytokine may be synthesized during ischemia and released on reperfusion from the ischemic tissue itself (30) , as shown in the present study.
IL-6 is another well-known cytokine that is up-regulated following cerebral ischemia. The serum level of IL-6 is associated with the brain infarct volume and is a powerful predictor of early neurological deterioration (31, 32) . Here, we showed that the levels of TNF-a and IL-6, two proinflammatory cytokines, are significantly lower in the plasma and cerebral tissue obtained from UTI-treated animals, which may explain the protective action of UTI against post-ischemic injury.
It has been shown that the inflammatory response is mediated by NF-kB (33), a redox-sensitive transcription factor that can be activated by reactive oxygen and is generated during the acute phase of reperfusion (34, 35) ; therefore, inhibition of NF-kB suppresses the inflammatory response and limits injury. TNF-a and IL-6 were greatly increased in the VF + PBS group, but their levels were significantly lower in the VF + UTI group. This result strongly suggests that UTI might reduce the levels of cytokines via inhibition of NF-kB activation after ROSC; however, direct evidence needs to be acquired with further investigation.
In addition to the anti-inflammatory and anti-oxidative stress effects of UTI demonstrated in this Wistar rat CA/ CPR model, other mechanisms may also contribute to the neuroprotective action of UTI on global ischemia-reperfusion in the brain (13, 14) . The effects of UTI on the preservation of mitochondrial function may also be involved in the protection of neurons from ischemiareperfusion injury after ROSC (36) .
Study limitations
The analysis of NF-kB translocation and TNF-a and IL-6 expression in this study focused on the cerebral cortex, which contains different types of cells, such as inflammatory and endothelial cells, neurons, and glial cells, that all could induce changes in NF-kB, TNF-a, and IL-6 expression after global brain ischemia and reperfusion. Although we found that UTI treatment reduced the tissue expression of TNF-a and IL-6 and the translocation of NF-kB p65 from the cytoplasm to the nucleus, we did not differentiate different cell types in these tissue sections. In future studies, it would be worthwhile to identify specific cellular types that are potentially targeted by UTI after ischemia/reperfusion stimulation.
This study was the first to demonstrate that UTI can preserve neuronal survival and inhibit neuron apoptosis after ROSC in Wistar rats via attenuating oxidative stress and the translocation of NF-kB p65 from the cytoplasm to the nucleus in the cortex, subsequently decreasing the production of TNF-a, IL-6, MDA, and MPO. Our study will provide the scientific basis for UTI treatment in neuronal injury after ROSC.
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